Abstract: In view of the High Luminosity upgrade of the Large Hadron Collider (HL-LHC), planned to start around 2023-2025, the ATLAS experiment will undergo a replacement of the Inner Detector. A higher luminosity will imply higher irradiation levels and hence will demand more radiation hardness especially in the inner layers of the pixel system. The n-in-p silicon technology is a promising candidate to instrument this region, also thanks to its cost-effectiveness because it only requires a single sided processing in contrast to the n-in-n pixel technology presently employed in the LHC experiments. In addition, thin sensors were found to ensure radiation hardness at high fluences. An overview is given of recent results obtained with not irradiated and irradiated n-in-p planar pixel modules. The focus will be on n-in-p planar pixel sensors with an active thickness of 100 and 150 µm recently produced at ADVACAM. To maximize the active area of the sensors, slim and active edges are implemented. The performance of these modules is investigated at beam tests and the results on edge efficiency will be shown.
ATLAS pixel upgrade for HL-LHC
At HL-LHC the ATLAS pixel system is expected to be exposed to fluences up to 2×10 16 n eq /cm 2 (1 MeV neutron equivalent) [1] . For this, planar pixel modules based on the n-in-p technology and employing thin sensors have been developed. The modules consist of 100 and 150 µm thick sensors produced at ADVACAM (Finland) and CiS (Germany). At ADVACAM even thinner sensors with a thickness of 50 µm were produced. In addition, the active edge technology was implemented to allow for a reduction of the dead area at the periphery of the devices since an overlap of pixel modules along the beam direction is not possible due to space limitations in the innermost region. The sensors are interconnected with solder bump-bonding to ATLAS FE-I4 read-out chips and characterized with particles from radioactive sources and test beams at the CERN-SpS and DESY II. The results of beam test measurements are discussed for unirradiated modules with a sensor thickness of 100 µm. A module from a production of VTT (Finland) with the same sensor thickness was irradiated to a fluence of 1×10 16 n eq /cm 2 . Results on the hit efficiency and power dissipation reveal that it is a promising candidate for the innermost layer. To manage the forthcoming high occupancy at HL-LHC, smaller pixel dimensions with respect to the ones currently implemented in the FE-I3 chip (50x400 µm 2 ) [2] and the FE-I4 chip (50x250 µm 2 ) [3] are necessary. The new read-out chip for the future ATLAS pixel systems with a pixel cell of 50x50 µm 2 produced in the 65 nm CMOS technology is being developed by the CERN RD53 Collaboration [4] and the first prototype, the RD53A chip, is foreseen to be ready in 2017 [5] . Highly segmented sensors will represent a challenge for the tracking in the forward region of the pixel system at HL-LHC. At CiS sensors have been already produced with 50x50 µm 2 pixel implants, connected by a metal layer in such a way to be still compatible with the FE-I4 chip footprint. First results on the in-pixel charge collection and efficiency of small pixel implants before irradiation will be shown at perpendicular beam incidence. To reproduce the performance of 50x50 µm 2 pixels at high pseudo-rapidity, FE-I4 sensors of different thicknesses have been studied in beam tests at high incidence angle (80 • ) with respect to the direction of the short pixel dimension. Cluster shapes, charge collection and hit efficiency at different threshold values are investigated and compared.
Pixel module characterization
Two different experimental setups were used to investigate the performance of pixel modules. Charge collection measurements have been carried out with 90 Sr β-electrons using the USBPix and RCE readout systems [6, 7] . The charge calibration was optimized utilizing 241 Am and 109 Cd γ-sources as reference. The modules are operated inside a climate chamber at a stable ambient temperature of 20 • C before irradiation. To determine the hit efficiency beam test measurements have been performed at the DESY II in Hamburg with 5 GeV electrons and at the SpS at CERN with 120 GeV pions with the EUDET telescope. This beam telescope provides a precise reference track trajectory using its 3 planes of fine-pitch MIMOSA26 sensors upstream the Device Under Test (DUT) and another 3 planes downstream the DUTs. Each EUDET plane can reach 3.5 µm of spatial resolution in case of low energetic electrons and 2 µm for high energetic pions [8, 9] . The hit efficiency of the DUTs is defined as the ratio of the number of reconstructed tracks with matching hits in the DUT to the total number of reconstructed tracks passing through the DUT determined by performing track reconstruction with the EUTelescope software [10] . An absolute systematic uncertainty of 0.3% is associated to all hit efficiency measurements as estimated in Ref. [8] .
2.1
The thin n-in-p pixel production with active and slim edges at ADVACAM
The second Silicon on Insulator (SOI) production at ADVACAM employing 6" Float Zone (FZ) wafers is focused on planar n-in-p pixel sensors with active edges. It has been designed to extend the research program initiated with the VTT FE-I3 compatible sensors (see [11] ) to FE-I4 geometries in the thickness range of 50 to 150 µm. Trenches are realized around the perimeter of each sensor with Deep Reactive Ion Etching (DRIE) using the mechanical support offered by the handle wafer of the SOI stack. The boron implantation at the backside of the p-type sensor is then extended to the edges with a four-quadrant ion implantation [12] . Subsequently, the handle wafer is removed and homogeneous p-spray is used for the inter-pixel isolation. A slim edge and an active edge design have been implemented differentiating by the distance d e of the last pixel implant and the sensor edge. Two variants of slim edge sensors with d e =100 µm are produced: the first one with one bias ring (BR), the second with one BR together with one floating guard ring (GR). In both designs a standard punch-through structure has been implement as well as a common punchthrough structure in the design of a single BR. More detailed explanations and investigations on punch-through mechanism and structure are given in [13] . The active edge design characterized by d e = 50 µm includes only one floating GR. No punch-through structure is implemented in this design. Results of a first electrical characterization of all sensor types are summarized in Fig. 1 and show a good performance. The breakdown voltages in Fig. 1 (a) of around 150 V are well above the thickness dependent depletion voltages of 10 to 25 V. In Fig. 1 (b) the collected charge is shown as a function of bias voltage for active and slim edge designs for all sensor thicknesses. The collected charge is flat for all sensor thicknesses after depletion and the measured values can be well accounted for by the expectation (see [11] ): for 50 µm a charge of 3.1 ke was collected, for 100 µm 6.7 ke and for 150 µm 10.2 ke. An analysis of the performance at the sensor edge has been carried out for these devices with data from a beam test with 5 GeV electrons at DESY. The slim edge design with one BR and the common punch-through structure and the active edge design with one GR and no punch-through structure, both for a sensor thickness of 100 µm, are displayed . Hit efficiency at the edge of the 100 µm thin sensor with 50 µm active edge (a) and 100 µm slim edge (b) design before irradiation. The pixel cell has a standard size of 50x250 µm 2 and the hit efficiency is evaluated as a function of the distance from the last pixel column to the edge region. Smearing of the position of approximately 18 µm is due to the telescope resolution.
in Fig. 2 . For the active edge sensor an efficiency of 99.8% within the last pixel column and an average efficiency of 60.4% up to the sensor edge was achieved before irradiation. The slim edge sensor yields an efficiency of 99.2% in the last pixel column.
Performance at high incident angle

Smaller pixel cells are challenging for the tracking in regions of high pseudo-rapidity (high η). To make predictions on the performance of a 50x50 µm 2 pixel cell at η=2.5 FE-I4 modules were arranged such that the particles of the beams at DESY and CERN were crossing the pixel along the short side (50 µm) at a nominal angle of ϑ=80 • . The performance of an ADVACAM module with • with respect to the beam direction. The efficiencies of the first and the pixels are by construction 100 % since they define the start and the end of the cluster. a sensor thickness of 150 µm is compared to previous results of modules with sensor thicknesses of 100 and 200 µm before irradiation [13] . The expected cluster width along η strongly depends on the sensor thickness as visualised in Fig. 3(a) and thinner sensors produce smaller clusters [13, 15] . This is in good agreement with the observed cluster widths for the sensor thicknesses of 100, 150 and 200 µm displayed in Fig. 3(b) . An average cluster width of 15 pixels was reconstructed for the module with a 150 µm thick sensor, slightly less than the expected value of 17-18. This difference was traced back to a misplacement of 2-3 • of the modules with respect to the nominal position.
For precise measurements of the collected charge a dedicated tuning was performed with a low target threshold of 1 ke. The average collected charge increased from 3.1 ke for a 200 µm thick sensor to 3.5 ke for a 150 µm and further to 4.5 ke for a sensor with a thickness of 100 µm. The increase could be explained with a reduced effect of charge sharing due to a smaller lateral diffusion of charge carriers in thinner sensors. Furthermore, the ADVACAM module with a 150 µm thick sensor was tuned to even lower target thresholds of 800 and 600 e, in the range considered routinely achievable by the future RD53A read-out chip. By lowering the threshold to 600 e instead of 1 ke the efficiency increased by 2% to 98%. The hit efficiency at different target thresholds is shown in Fig. 4. 
The thin n-in-p pixel production at CiS
A production of thin planar n-in-p pixel on 4" wafers on p-type FZ silicon has been recently completed at CiS. The wafers were locally, i.e. below each single sensor, thinned to an active thickness of 100 and 150 µm by using anisotropic KOH etching creating backside cavities in the wafer, with a starting thickness around 500 µm, leaving frames around single structures. This technology does not need the use of any handle wafer during the thinning process, thus being potentially cheaper than the alternative methods employing SOI wafers. A more detailed description of the production process is given in Ref. [13] . Two pixel designs were implemented together with the common punch-through design which was found to retain the highest efficiencies after irradiation [13] : the standard FE-I4 pixel pitch with a 50x250 µm 2 cell and a modified 50x250 µm 2 pixel cell composed by five 50x50 µm 2 pixel implants connected by metal lines allowing for readout by the FE-I4 chip. A cut-out of the sensor layout is shown in Fig. 5 . Two layouts to link five 50x50 µm 2 implants us- Figure 5 . CiS sensor layout with a modified 50x250 µm 2 pixel cell including five 50x50 µm 2 pixel implants. Two different arrangements of the metal rail linking the small implants to a 50x250 µm 2 pixel cell are implemented in one sensor.
ing a metal rail were designed and implemented in one single sensor of 336 rows and 80 columns allowing for a direct comparison of the performances. In the first 168 rows of the sensor adjacent implants were linked recreating the standard FE-I4 geometry and in the following this is referred to as line design. In constrast, in the last 168 rows neighbouring pixel implants are read out by two different channels, with only every second pixel implant inside a 50x250 µm 2 being read-out by the same channel, denoted by wave design. The latter design makes it possible to investigate the effect of charge sharing in adjacent 50x50 µm 2 pixels. A module with a sensor thickness of 150 µm was tested in a beam test at CERN. Both designs show good performance before irradiation with compatible values of collected charge around 10 ke and hit efficiencies of 99.3% (line design) and 99.6% (wave design) yielding the same values within uncertainties (see Fig. 6 ). This can be explained by the high charge deposit above the threshold before irradiation. Although the charge is splitted between two adjacent pixel readout channels in the wave design, both fractions of the charge are still above threshold not affecting the efficiency. Hence, there is no significant effect of the charge sharing among neighbouring pixels before irradiation.
Performance of a highly irradiated VTT module of 100 µm sensor thickness
An FE-I4 module from the VTT production with a 100 µm thick sensor was irradiated to a fluence of 1×10 16 n eq /cm 2 and measured in a beam test at DESY. In Fig. 7 (a) the hit efficiency is compared to previous measurements with other modules with 100 µm thick sensors irradiated to lower fluences. The efficiencies at different fluences saturate at similar values with the main difference being the higher bias voltage needed to achieve the saturation for the module irradiated to 1×10 16 n eq /cm 2 . At the highest fluence a hit efficiency of 97.3% is achieved at a moderate bias voltage of 500 V. It is thus possible to estimate a realistic range of operational bias voltage at this sensor thickness and fluence between 500 and 700 V including some safety factors. The efficiency loss is mainly caused by the standard punch-through design and, excluding the biasing structure in the calculation, results in an increase of the hit efficiency to a value of 98.4%. Fig. 7(b) shows the expected power density (power per sensor area) for the VTT module operated at a temperature of T=-25 • C as a function of the applied bias voltage up to 1200 V. To ensure a stable and reliably measured sensor temperature, the power consumption of bare sensors is measured on a cold chuck inside a probe station and is normalized to the active area of an FE-I4 module of 3.4 cm 2 . This procedure assures that the temperature of the sensor is known exactly thanks to the good thermal contact with the chuck. From this data, the resulting power density for a 100 µm thick sensor oper--6 - • C irradiated to 1×10 16 n eq /cm 2 and annealed for 11 days.
ated at voltages of 500 to 700 V is determined to be 25-50 mW/cm 2 . These low values make this technology an ideal candidate for use in the innermost layer for data taking at the HL-LHC.
Conclusions
Planar n-in-p pixel modules with and without active edge were investigated in view of the upgrade of the ATLAS pixel system for HL-LHC. The results of the characterization of FE-I4 modules employing a 100 µm thick sensor with a 50 µm active edge and one floating GR show a good performance with a hit efficiency of 99.8% in the last pixel column and a mean hit efficiency of 60.4% from the last pixel implant up to the sensor edge before irradiation. Modules with 100, 150 and 200 µm thick sensors were analyzed regarding their cluster properties at high η at HL-LHC for the future small pixel cell of 50x50 µm 2 . The thinner sensors were found to be favorable owing to their lower cluster size resulting in a reduced occupancy. Different targets of threshold in the range thought to be achievable with the future RD53A read-out chip were studied using a module employing a 150 µm thick sensor. By decreasing the threshold from 1000 to 600 e the hit efficiency increased by 2% up to 98%. At CiS 50x250 µm 2 pixel cells with 50x50 µm 2 pixel implants were produced to investigate the performance of the future small pixel cells. The sensors are designed to be compatible with the current FE-I4 read-out chip. Two different sensor layouts to link five small implants to a 50x250 µm 2 area using a metal rail were developed: adjacent pixels were linked one after each other forming a standard 50x250 µm 2 pixel cell as well as linked in such a way that neighbouring pixel implants are read-out by two different channels allowing for an investigation of the effect of charge sharing in adjacent pixels. Both designs with a sensor thickness of 150 µm show good performance before irradiation with comparable values of charge collection around 10 ke and hit efficiencies around 99%. Measurements of modules with active edge sensors as well as modules with pixel cells with small 50x50 µm 2 pixel implants are planned to be repeated after irradiation. Properties of an FE-I4 module with a 100 µm thick sensor, irradiated at a fluence of 1×10 16 n eq /cm 2 and operated at bias voltages of 500 to 700 V are investigated. The module achieves a hit efficiency of 97.3% at a power density of 25-50 mW/cm 2 which makes this technology an ideal candidate for the innermost layer for data taking at HL-LHC.
